Patent ductus arteriosus (PDA) is a common congenital heart disease that results when the ductus arteriosus, a muscular artery, fails to remodel and close after birth. A syndromic form of this disorder, Char syndrome, is caused by mutation in TFAP2B, the gene encoding a neural crest-derived transcription factor. Established features of the syndrome are PDA, facial dysmorphology, and fifth-finger clinodactyly. Disease-causing mutations are missense and are proposed to be dominant negative. Because only a small number of families have been reported, there is limited information on the spectrum of mutations and resulting phenotypes. We report the characterization of two kindreds (K144 and K145) with Char syndrome containing 22 and 5 affected members, respectively. Genotyping revealed linkage to TFAP2B in both families. Sequencing of TFAP2B demonstrated mutations in both kindreds that were not found among control chromosomes. Both mutations altered highly conserved bases in introns required for normal splicing as demonstrated by biochemical studies in mammalian cells. The abnormal splicing results in mRNAs containing frameshift mutations that are expected to be degraded by nonsense-mediated mRNA decay, resulting in haploinsufficiency; even if produced, the protein in K144 would lack DNA binding and dimerization motifs and would likely result in haploinsufficiency. Examination of these two kindreds for phenotypes that segregate with TFAP2B mutations identified several phenotypes not previously linked to Char syndrome. These include parasomnia and dental and occipital-bone abnormalities. The striking sleep disorder in these kindreds implicates TFAP2B-dependent functions in the normal regulation of sleep.
T
he ductus arteriosus is a muscular artery connecting the pulmonary artery and the aorta during fetal life, shunting blood away from the lungs. It normally occludes shortly after birth. Failure of ductal closure results in patent ductus arteriosus (PDA), one of the most common congenital heart defects, affecting 1 in 2,000 to 1 in 5,000 full-term infants and constituting Ϸ5-7% of all congenital heart defects (1-3). The process of closure of the ductus arteriosus starts with intimal thickening in the fetus in the second trimester of gestation, with subendothelial accumulation of matrix proteins accompanied by detachment of endothelial cells from the internal elastic lamina, followed by migration of smooth muscle cells into the subendothelial region (4, 5) . The final steps include contraction of smooth muscle regulated by oxygen tension and by alteration in the levels of vasoactive hormones (6) (7) (8) . The molecular mechanisms underlying this complex process are largely unknown. Premature delivery commonly results in PDA, which can be corrected by cyclooxygenase inhibitors. Similarly, targeted disruption of the prostaglandin E2 receptor gene, EP4, results in PDA (9) . In humans, loci for dominant and recessive forms of PDA have been mapped (10, 11, ** ).
One such disorder is Char syndrome, an autosomal dominant trait characterized by PDA, facial dysmorphism, and skeletal abnormalities of the hand (clinodactyly). Char is caused by mutations in TFAP2B, the gene encoding a neural crest-derived transcription factor (12) . To date, five kindreds, each with four to seven mutation carriers, have been reported, along with a mutation in an isolated case ( Fig. 1) (11, 12) . The TFAP2B mutations in Char syndrome to date are all missense. Biochemical studies have supported a dominant-negative mechanism of TFAP2B mutants (11, 12) .
TFAP2B is expressed in the neural crest (13) and is a member of the AP2 transcription factor family, a family of retinoic acid-responsive genes that play an important role in development, apoptosis, cell-cycle control, and complex morphogenic processes (14, 15) .
The protein consists of an amino-terminal P͞Q-rich transcriptional activation domain and a helix-span-helix domain that mediates dimerization and DNA binding (Fig. 1) .
TFAP2B binds to the consensus sequence GCCN3͞4GGC, stimulates transcription of a number of downstream target genes, and interacts with a number of other transcription factors.
Here we report the characterization of two Char kindreds. We show that in both, disease is caused by splice site mutations that are inferred to cause haploinsufficiency, in contrast to the previously shown dominant-negative mechanism. In addition, we demonstrate a number of previously unreported phenotypes that segregate with these mutations, including a striking sleep disorder.
Methods
Family Studies. Investigation of kindred 144 (K144) and kindred 145 (K145) was performed under a protocol approved by the Human Investigation Committee of the Yale University School of Medicine. All study participants provided informed consent. Genomic DNA was prepared from venous blood of 40 participating members of K144 and 5 members of K145 by standard procedures. Individuals were classified as having Char syndrome if they had surgical or echocardiographic diagnosis of PDA after term birth or had both typical facial dysmorphism and clinodactyly of the fifth finger without PDA (16) (17) (18) (19) . The echocardiographic diagnosis of PDA was made by pulsed Doppler echocardiographic evidence of continuous turbulent flow in the right pulmonary artery from the precordial and suprasternal notch approaches. One subject who was born at 34 weeks of gestation Abbreviations: PDA, patent ductus arteriosus; Kn, kindred n.
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had PDA and was prospectively classified as phenotype unknown. This individual had no syndromic features and was the offspring of phenotypically normal parents.
Genotyping and Analysis of Linkage. We tested linkage to the Char critical region (20) . Eleven polymorphic tetra-and dinucleotide repeat markers spanning 48 cM across the Char critical region were genotyped in study participants by PCR using specific fluorescence-labeled oligonucleotide primers and genomic DNA as templates. The amplified products were fractionated by electrophoresis on an Applied Biosystems 377 instrument equipped with GENE SCANNER 2.1 software.
Analysis of linkage was performed on a Sun Sparcstation 20 (Sun Microsystems, Mountain View, CA). Pairwise and multipoint analysis was performed by using LINKAGE 5.1 (21) . The model of the trait locus specified a mutant gene frequency of 0.0001, a penetrance of 90%, and a phenocopy prevalence of 0.0001.
Mutation Screening. Mutations were sought in TFAP2B by singlestrand conformational polymorphism, denaturing HPLC, and direct sequencing. The coding exons and their flanking exonintron boundaries were amplified by PCR using genomic DNA from affected and unaffected members of the kindred, as well as 100 normal unrelated subjects, as templates. Identified variants were confirmed by sequencing of both DNA strands in independent amplifications of multiple affected members of each kindred.
Splicing Assay. A 211-bp segment containing wild-type exon 3 and the flanking intron sequences of TFAP2B was amplified by using specific primers; a second segment was prepared that was identical except for the mutation identified in K144. These segments were subcloned into the splicing vector pSPL3 (Life Technologies, Grand Island, NY), which places this segment between exons and splice sites for ␤-globin. Constructs were sequenced to ensure fidelity. For exon trapping, COS7 cells were transiently transfected with 3 g of plasmid DNA by using lipofectamin (Life Technologies). Cells were harvested 36 h later and RNA was extracted by using TRIzol reagent (Life Technologies). First-strand cDNA synthesis was performed by using Omniscript RT (Qiagen, Valencia, CA). Forward and reverse primers from the globin exons were used to amplify the spliced mRNA. The amplified PCR products were fractionated on agarose gel, purified, and subjected to DNA sequencing.
Results
Characterization of PDA Kindreds. K144 was ascertained by means of an asymptomatic 22-year-old female who was referred for evaluation of a heart murmur before a planned pregnancy. A large PDA was diagnosed, and surgical ligation was recommended. Her family history revealed two living sisters with term PDA, both treated with surgical ligation, and a brother who died in the neonatal period from heart failure with coarctation of aorta, bicuspid aortic valve, and a large PDA. Examination of these three living siblings with PDA revealed facial dysmorphic features in one and finger clinodactyly in all, providing evidence of Char syndrome. Based on these findings, the extended family was examined for PDA and Char phenotypes. Echocardiography and physical examination was performed in 37 additional family members (Fig. 2a) , which identified five additional subjects with PDA. All of these five had facial dysmorphic features and finger clinodactyly ( Table 1 , which is published as supporting information on the PNAS web site). In sum, nine kindred members with PDA were diagnosed between the neonatal period and age 30, and all were born at term as the product of normal gestation. In addition, there were 13 subjects who had dysmorphology and clinodactyly without PDA. Given the known incomplete penetrance of PDA in Char syndrome (11) , these subjects were also classified as affected. The facial dymorphism varied and included hypertelorism, broad forehead, nasal abnormality (flat nasal bridge with upturned nares or curved nose), short philtrum, thick or patulous lips, mild ptosis, and strabismus. All affected members had at least two of the three features of Char syndrome: PDA, dysmorphic facial appearance, and clinodactyly. One obligate carrier (subject II-5) was nonpenetrant for all features. There were no kindred members with isolated dysmorphology or clinodactyly, indicating a clear separation of subjects with and without Char in this kindred.
Finally, one additional family member (subject III-13; Fig. 2a ) had surgery for PDA shortly after premature birth. This patient had no dysmorphology or clinodactyly and was the offspring of unaffected parents and had no affected siblings. He was classified as phenotype unknown for genetic analysis.
The segregation of Char syndrome in the kindred was compatible with autosomal dominant transmission; PDA showed incomplete penetrance, whereas the dysmorphic faces and clinodactyly showed evidence of high penetrance (Table 1 and Fig. 2a) .
K145 was ascertained by means of a 6-month-old infant, the product of an uncomplicated term delivery, who presented with congestive heart failure. She was found to have a large PDA. Evaluation of the kindred revealed that the father, an additional sibling, and the father's sister had term PDA, dysmorphic faces, and clinodactyly typical of Char syndrome. All had undergone corrective procedures to close the ductus. The pattern of transmission was consistent with autosomal dominant transmission with high penetrance (Fig. 3a) .
Linkage to TFAP2B. Analysis of linkage was performed in these kindreds, genotyping 11 microsatellite markers on chromosome 6p that span 48 cM across the interval containing the TFAP2B locus (Figs. 2a and 3a) . Strong evidence of linkage of this chromosome segment to Char was detected in K144 (multipoint lod score 7.48). The meiotic recombination events in affected subjects localized the disease gene to a 9.2 million-bp interval flanked by loci D6S1017 and D6S436; this interval contains TFAP2B. In K145, all of the affected individuals shared the same haplotype spanning the Char critical region, consistent with linkage (Fig. 3a) .
Splice Site Mutation in TFAP2B. We next screened TFAP2B for mutation in both kindreds, as described in Methods. We identified one previously unreported DNA-sequence variant in the affected subjects of each kindred (Figs. 2b and 3b) . These variants cosegregated with the affected phenotype and were absent among 200 unrelated control chromosomes. The mutation in K144 introduced a single base substitution (G to A) at position ϩ5 of the splice donor site of intron 3 (Fig. 2c) . G is present at this position in 84% of all eukaryotic splice donors, whereas A is present in only 5%; moreover, G at this position in TFAP2B is conserved among species from sea squirt (Ciona intestinalis) to human (www.ncbi.nlm.nih.gov͞BLAST͞ Blast.cgi), a span of Ϸ550 million years (22) . No other variant was observed in TFAP2B. Finally, splice site prediction programs (e.g., www.fruitfly.org͞seqtools͞splice.html) predict that this mutation will result in aberrant splicing. These features all suggest that this mutation will disrupt normal splicing of exons 3 and͞or 4 ( Fig. 1; see below) .
Direct sequencing of the TFAP2B gene in K145 revealed a single previously unreported variant, a G-to-C transition of the last base of intron 4 ( Fig. 3 b and c) ; G at the last base of an intron is virtually completely conserved among eukaryotic splice junctions and is essential for normal splicing (23) . The mutation in K145 was shared among all affected individuals in the kindred (Fig. 3b) . This variant was not found in 200 control chromosomes. There is no doubt that this mutation will disrupt the normal splicing of TFAP2B, disrupting splicing of exon 5.
Disrupted Splicing Due to Mutation in K144. It appears highly likely that the mutation in K144 disrupts splicing, and we tested this hypothesis directly by assay in mammalian cells. We cloned the wild type and the mutant segment encoding exon 3 and flanking intronic sequence into the vector pSPL3, which places exon 3 between two ␤-globin exons along with their respective splice donor and acceptor sites (Fig. 4a) . After transfection into COS7 cells, this segment is transcribed, and splicing occurs by means of the normal cellular machinery. After extraction of RNA and generation of cDNA by reverse transcription, primers inside the two ␤-globin exons are used to amplify the products; amplification of a properly spliced transcript will result in a 324-bp product (263 bp from the ␤-globin exons plus 61 bp from exon 3 of TFAP2B). Six independent transfections with the wild-type segment from TFAP2B all yielded a single product that, when sequenced, showed proper splicing of exon 3 between the two ␤-globin exons. In contrast, six independent transfections with an insert that differs only by the presence of the mutation found in K144 all revealed abnormal splicing: either complete exon skipping fusing the two ␤-globin exons or a mixture of properly spliced products with skipped exon products (Fig. 4b) . This finding was reproduced with three independent clones of the mutant segment of TFAP2B (data not shown). This finding confirms the functional significance of the mutation in K144.
Altered Sleep and Bone and Dental Abnormalities Segregate with TFAP2B
Mutations. K144 has a very large number of mutation carriers (n ϭ 23). With the identification of the functional mutation in this kindred, we are able to determine whether there Table 1 .) The symbol with a dot in the center indicates a subject with PDA at premature birth who was considered phenotype unknown for linkage analysis. are any additional phenotypes that significantly segregate with the disease-causing mutation.
The most striking of these phenotypes was parasomnia, presenting primarily as sleepwalking. This disorder came to our attention when the index case described the habit of sleepwalking, associated with food-seeking behavior. This pattern dated to age 8. Direct inquiry of all family members identified 12 additional family members with similar features. The characteristics were distinctive. Although the age of onset varied from 8 to 30 years, the frequency did not diminish after adolescence, with episodes typically recurring three to four times per week. All 13 members with this trait carried the TFAP2B mutation, and this trait was absent among family members without the mutation [ 2 (1df) ϭ 19, P ϭ 10 Ϫ5 ]. The severity of this problem had led to polysomnography studies in several affected members; in each, the study indicated sleep disruption but excluded sleep apnea.
In K145, the affected father and his three children reportedly sleep only 2-3 h each night, without signs of daytime fatigue. Although polysomnography was not performed, the father and one of his daughters underwent medical therapy and tonsillectomy for a presumptive diagnosis of sleep apnea but have not responded to these therapies.
Ten of 13 family members with the TFAP2B mutation in K144 had a protuberant occipital bone with growth of overlaying coarse hair, whereas none of the six members directly studied who are wild type had this trait (P ϭ 0.003, Fisher's exact test).
In each case, the border of the occiput was well defined by a sharp elevated ridge, suggestive of craniosynostosis.
Hypodontia, the absence of secondary teeth with the abnormal retention of primary teeth, was identified in 14 adult genotypepositive members of the family and none of the genotype-negative family members [ Fig. 5 , which is published as supporting information on the PNAS web site; 2 (1 df) ϭ 20, P Ͻ 10 Ϫ5 ]. The affected individuals retain their primary teeth and either partially or completely lack secondary teeth.
Finally, in addition to finger clinodactyly, affected individuals of both kindreds had varying degrees of clinodactyly of the fourth and fifth toes, and syndactyly of these digits was seen in four family members.
Discussion
We have demonstrated splice site mutations in TFAP2B in two kindreds with Char syndrome. These mutations segregate with disease in the kindreds and are absent in control subjects, and their functional significance is indicated by both the high conservation of the mutated bases and the demonstrated requirement of the wild-type sequence for normal splicing.
In contrast to the prior reports of dominant-negative TFAP2B mutations in Char syndrome, the mechanism of disease in these two kindreds is likely to be haploinsufficiency. For example, we showed that the K144 mutation results in skipping of the 61 bp of exon 3. The spliced product would fuse exons 1 and 2 to exons 4-7, resulting in a frameshift mutation after the 169 aa encoded in exons 1 and 2; beyond this point would be seven mutant amino acids followed by a premature termination codon. These transcripts will be susceptible to nonsense-mediated mRNA decay (NMD) and, therefore, should be null alleles (24) . Similar frameshifts and premature termination result if the mutation leads to skipping of exon 4 or both exon 3 and exon 4. Even if this transcript were to escape degradation, because the encoded protein would lack the dimerization and DNA-binding domains, it is unlikely to have dominant-negative effects. Similarly, the mutation in K145 is predicted to result in transcripts that would be degraded by NMD. These mutations are consequently most consistent with haploinsufficiency as the genetic mechanism.
Although counterintuitive, there is precedent for both dominant-negative and haploinsufficient mutations causing the same Total cellular RNA was extracted from COS7 cells and reverse-transcribed, and the product was used to direct PCR using primers from the two ␤-globin exons as described in Methods. The products were fractionated on 1.2% agarose gel, and the results are shown for wild-type and mutant TFAP2B constructs. The wild-type construct consistently produces a 384-bp product that contains all three exons properly spliced. The mutant construct produces, either instead of or in addition to this fragment, a product of 263 bp that contains only the two ␤-globin exons. phenotype. For example, this phenomenon is believed to occur in Holt-Oram syndrome, in which both dominant-negative and loss-of-function mutations in TBX5 are found (25) . In these cases, it remains an open question whether both mechanisms operate in vivo or whether, for example, the dominant-negative effect seen in vitro is less relevant in vivo.
We have reported previously unreported phenotypes that segregate with TFAP2B mutations and that should be considered a part of Char syndrome. Although some of these traits, such as hypodontia, have previously been reported in a few cases (11) , the finding of significant cosegregation in K144 provides convincing evidence that the trait is attributable to the mutation and not a chance finding. Several of these traits are similar to phenotypes that have been previously linked to mutations in other transcription factors expressed in the neural crest. For example, mutation in MSX2 leads to craniosynostosis type 2 (26) [MIM:604757], and mutation in MSX1 results in hypodontia (27) like that seen in both of our Char kindreds. The finding that TFAP2B mutation results in these phenotypes further implicates the neural crest in these developmental processes in ectoderm.
The sleep abnormality observed in both kindreds is particularly interesting. Sleepwalking, the predominant feature of the sleep disorder in K144, represents a subgroup of parasomnias and consists of a series of complex behaviors that are initiated during slow-wave sleep (28) . Factors disrupting slow-wave sleep, such as sleep apnea, are known to predispose people to this trait; however, formal sleep studies in several severely affected subjects in K144 eliminated this diagnosis. The incidence of sleepwalking in adults is estimated to have a prevalence of 0.1-0.6% (29) , so the high frequency of parasomnia in K144, as well as its cosegregation with the TFAP2B mutation, is highly significant.
Although genetic factors have been implicated in sleepwalking, particularly when the trait persists in adulthood, no genes have been previously identified that contribute to this trait (30, 31) .
Although there is no direct evidence regarding the mechanism of the sleep disorder in these kindreds, one might speculate that abnormalities in adenosine metabolism could contribute to both PDA and sleep disorder. Increased adenosine levels contribute to wakefulness and are known to modulate sleep (32, 33) ; adenosine is also a potent vasodilator of the ductus arteriosus during oxygen-induced vasoconstriction (34) . It would consequently be of interest to examine adenosine levels and metabolism in these patients as well as to examine the TFAP2B ϩ/Ϫ mouse (14) and members of other Char kindreds for altered sleep; further clinical investigation of the sleep abnormality in these patients will be of interest.
Finally, with the exception of a few isolated cases (17) , the previously reported kindreds or individuals with Char have apparently had isolated hand anomalies. Accordingly, Char has often been referred to as a hand-heart syndrome (11). The toe clinodactyly and syndactyly in many affected members of K144 demonstrates a role of TFAPB2 in foot development, as well. Similar results have been seen in animal models (35) . This finding is in accord with observations in other limb-heart syndromes, such as Rubinstein-Taybi (mutation in CREBBP) (36, 37) , ulnar-mammary (mutation in TBX3) (38, 39) , and Simpson-Golabi-Behmel (mutation in glypican-3) (40, 41) , which all feature concordant hand and foot anomalies.
